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Introduction

In this Report we describe the work done by the prin
cipal investigator (Prof. F.Borghese) and his collaborators
(Prof. P.Denti, Prof. G.Toscano and Dr R.Saija) under contract
DAJA37-81-C-0895 from October 1981 to November 1984. The whole
rescarch has been performed in strict collaboration with Dr O.
I. findoni, CRDC, Aberdeen P,G., 21010 Md., USA.

In Part A we connect the work done in the yecars 1679-
1981 under Grant DAERO78-G-106, to the work done in the last

three vears under the present Contract. The work itself is actu-

'dll) described in the papers thus far published or accepetcd

for publication. A brief account of the problems met in the cour
s¢ of the work as well as a suggestion of possible solutions and
«hotch of the lines of future progress are also included.

In Part B is described the work done by F.Borghese,
P.Denti and R.Saija during their stay at CRDC from August 15th
to September 23rd, 1984 under Contract Modification P0O0Q4. Essen
tially the work consists of two modifications of the computer
programs for the scattering properties of clusters. The purpose
of these modifications is twofold: on one hand they allow the
treatment of relatively large clusters; on the other hand they
constitute the basis for the calculations of the properties of
scatterers in which resonances occur., A description of the pro-
grans as well as a guide to the input and output quantities is

included,
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PART A

In the years from 1979 to 1981, working under Grant §§
DAERO78-G-106, we devised a model scatterer suitable to appro Ei
ximate the eléctromagnetic scattering properties of non-sphe- _f
rical particles « By inspiring to the well known stick~and- 3
ball model of a molecule, we approximate a non-spherical par- i
ticle as a cluster of spheres. The computation of the scatter 5:

ing properties of such an object do not require a big effort,

1)

thank to an addition thecorem for vector Helmholtz harmonics

formulated by the present authors. As a consequence several

\]
A

calculations on clusters of various geometries proved the mo-

»
)

del to be computationally sound and able to account for the

: lach of overall spherical symmetry of some kind of non-spheri= _j
E cal particles. A detailed account of the model as well as the =
i use of the Group Theory to reduce the size of the computations Eh
q is contained in the Final Report to Grant DAER0O78-G-~106, Octo- :Ej
) ber 1981, as well as in a number of published papers(2—42 :§§

In the years from 1981 to 1984, i.e. under the pre- ii
sent Contract, we were able to take full advantage of the pe- éj
culiarities of the cluster model in order to connect the scat- ;i

tering properties of individual clusters to the macroscopic op

M MMM LOeOn
}
A

tical properties of a dispersion of clusters of random orienta

;-

. ) S
fnm(7 « Furthermore, the flexibility of the cluster model atl-

lows the calculation of the changes in the macroscopic optical

constans of an aerosol, when the c¢lusters change their shape ~ 1
or when more clusters combine together to give scattering ob- &5
jvcts of different structure, The calculations show that the- ;:
sv changes of shape produce quite detectable variations in the ;}

)
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(6)

absorption coefficient of the dispersion .

These results have been recently presented at the 1lst
Joint International Conference on Aerosol Research, held in Min
neapolis, MN, from September 17th to 215t(6'7). In particular
it has been emphasized the rather striking result that for a
cluster of given structure and size parameter there exist a wa
velength at which it behaves as a spherical particle. This con
clusion is confirmed by a number of experimental findings of
which we were informed during discussions on the subject.

We want to stress that the approach we used to conne
ct the individual to the collective optical properties is ra-
ther elementary as it neglects the effects of multiple scatte-
ring among different clusters. As a consequence, our approach
is applicable only to low-density dispersions such as atmosphe
ric aerosols but it is unlikely to give reliable results when
applied to dense dispersions such as e.g. smokes. We plan to
overcome these difficulties by investigating the subject along
three liness First of all we plan to include the statistic of
the particles into our formalism, so as to account, on the ave
rage, for the effect of multiple scattering and thus make the
theory applicable to dispersions of relatively high density .
Second, we are going to study the size distribution effect, for
it has been shown that the occurrence of some size distributi-
ons can affect drastically the macroscopic optical properties
ot the dispersion,

Third, we will attempt to adapt our theory to the framework of
the effective medium theories in order to calculate the effec-
tive dielectric constant of the dispersion. We got this idea

at the Annual Mceting of Spectroscopy Group of the Gruppo Nazio
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if nale di Struttura della Materia held in Alghero, Sardinia,
where the problem of small clusters has been throughly discus
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PART B

This part of the present Report is meant to be a use

r’s guide to our programs for the scattering properties of clu
sters. Before we go into the description, however, we want to
explain why we felt necessary to write two further versions of
the programs we used in the past.

Qur treatment of the scattering from clusters is ba-
sed on a multicentered expansions of the scattered field in
terms of spherical multipoles. For convergence reasons, as ox=
plained in the included literature, this expansion must be car
ried up to a certain order LM which, depending on the structu-
re and on the size parameters may be as high as 4 or 5. Now
for a given LM one has to calculate, and invert, matrices with
complex elements of order dM=2NLM(LM+2), N being the number of
the spheres in the cluster. Therefore, due to the storage limi
tations on the computer presently available in Messina, and at
CRDC too, it is impossible to handle clusters of more than §
sirheres with LM = 5, This is the maximum order that can be han
dled by the program PRGL with a core allowance of 4 Mbytes.
This limitation has been overcome by rewriting the program wi-

thout requiring the storage of the intermediate matrices but

requiring the storage of two vectors one for the spboeical har
monics and another for the CTlebsch=Gordan coetticient o0 "h o
version of the program named here PRGZ, allows us to baadlie e

latively big clusters at the cost of multiplying the (P ©ven
by a factor of 4. A second version of the program, her
PRG3, do not require either the storage of the veotor

C=G coefficients, thus allowing us to h andie even by

I A A A e N e M S A
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ster but multiplying the CPU time by a factor of 6 or 7. The
capability of the three programs when a core storage of 4 Mby-
tes is allowed are summarized in Table |.
As can be scen the biggest cluster can be treated only at the
cost of neglecting the interactions of order higher than dipo-
le-dipole. In any case this interaction is just that that is
commonly included in the calculations of other workers. On the
other hand our programs allows us to get information of value
on the properties of clusters including as much as 70 spheres.
Furthermore these programs allow to treat with great precision
the case in which resonances occur, a case in which the multi-~
polar interactions must be included as high to an order as pos
sible.

The formulation and testing of these programs is es-
sentially the work done by F.Borghese, P.Denti and R.Saija du-
ring their stay at the CRDC under contract modification PO004.
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PRG1

This is the original version of our scattering pro-

grams and, as listed'it can handle a cluster of 3 spheres with

LM=4. The maximum capability of PRG1l is a cluster of 5 spheres

with LM=4. In this case the dimensions of the various matri-

ces and vectors must be carefully checked.

INPUT DESCRIPTION

Retfer to DATASET H20TESTOO1.

SARD 1

I0ATA
IDATA
KD ATA

SARD 4
N=iTH
RUAN
1t Lp

1EXP

MAXIT

(3A3)

These quntities identify the DATASET. They can be left
blank if desired.

blank

(412)

These quantities control the input and output operatio
ns of PRGl. Their exact meuning is explained in the
comment cards within the programs. Note that if JGO is
put equal to 1 for all the groups of data the program
runs properly but for that it rccomputes matrices who-
se¢ elements have still valid values.

(512)

Number of the spheres in the cluster.

Ly+l

Helticity of the incident waved Use +1 for right helici
tv, and =1 for left helicity.,

This quantity was originally introduced to control the
convergency of the multipolar expansions.

Set it to Q.

Number of iterations. To be used only when the inverse
to the matrix ( 15) of ref.(2) is to be calculated
iteratively,

o
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CARD 5

RXX(1)
RYY ()
RZzZ(1)

CARD 6
10G (1)

CARD 7

Ros(1)

CARD N
SRIC)
CARD 9
VR

THK
PHK

CARD 10

INVER

MODE

NOOMSIT

CARD 11

~

|

TOoL

(NSPH cards)

(3€20.8)

Cartesian coordinates of the centres of the l-th sphe
re in the cluster.

(4012)

This index specifies the type of the I-th sphere in
the cluster. If 106(1+1)=106(1) the program does not
recalculate the T-matrices for the I+1-th sphere

but take them identical to those of the |-th sphere.

(3£20.R)
Radius of the l=-th sphere.

(2620.%)

Complex refractive index of the I-th sphere.

(€20.8,2F10.4)
Magnitude of the wavevector of the incident wave.

Polar angles (in degrees) of the incident wavevector.

(315)

Q0 the T-matrix of the cluster is inverted iteratively,
1 the T-=matrix is inverted by LU factorization,

0, 1, 2, 3. This paramcter provides the equitibration
of the T=matrix in four different modes. The valuce MODE
=3 has proved to be the most suitable for dielectric
clusters far from resonance.

Maximum dimension of the T-matrix. lt must be identical
to the dimension of the matrix AM.

(2E20.%)

Mixing factor for the iterative inversion of the T-mu-
trix. The value CI=0.5 ensures good convergence.,
Tolerance of the inverted T-matrix. In practice T*T’ls
TOL.

These quantities need be specified only when INVER=Q

b .u"-' .-' .-'- '.“‘




CARD 12 (40A4)
NAME Identifies the output., It can include any alphameric
character,
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CARD 13
Cl

TOL

CARD 14

VCUTM

VCUTA

VCUTN

(2€20.8)

Mixing factor for the iterative inversion of the T-ma-
trix. The value CI=0.5 ensures good convergence. -1

Tolerance of the inverted T-matrix. In practice T*T K
TOL.

These quantities need be specified only when INVER=O0,

The elements of the T-matrix with magnitude smaller
than this parameter are set to zero.

The multipolar amplitudes of the scattered wave smaller
than this value are set to zero,

The multipolar amplitudes of the incident plane wave
smaller than this value are scet to zero.

The three quantities above are usually set to 1.0E-36,
a value that prevents the occurrence of program inter-
rupts due to underflow.
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Y ™" VS T VITER T Y

I LA AR

MAXIT

NFAC

JCK
JCL
cARD 7

RXX(1)
RYY(1)
Rzz{1)

CARD >

IOG (1)

cARD_9
ROS (1)

CARD 10
CRECH)
CARD 11
VK

THK

PHA

cARD 12

INVER

MODE

NODOMST

Number of the iterations if the T-matrix is to be
inverted iteratively.

Maximum value of the factorials to be used in the nor-
malization factors.

Dimension of the vector of the Bessel functions.
(3€20.8) (NSPH card)

Cartesian coordinates of the centre of the l-th sphere
in the cluster,

(4012)

This index specifies the type of the I-th sphere in
the cluster.s If 10G(I1+1)=10G6(1) the program does not
recalculate the T-matrices for the I+1-th sphere but
assume they are identical to those of the |-th sphere.

(3€20.8)
Radius of the |-th sphere.

(2E20.8) (NSPH card)

Complex refractive index of the I-th sphere.

(€20.8, 2F10.4)
Magnitude of the wavevector of the incident wave

Polar angles (in Degrees) of the incident wavevector.

(315)

Q the Tematrix is inverted iteratively.

1 the T-matrin is inverted by LI factorization.

O, 1, 2, 3. This parameter provides the equilibration

of the Tematrix in four different modes. The value
MODE=3 has proved to be the most suitable for diclec-
tric clusters far from resonance.

Maximum dimension of the T-matrix, ° must be equal to
the dimension of the matrix AM,
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PRG2 and PRG3

These programs were written at the CRDC by F.Borghe-

se, P.Denti and R.Saija in order to handle relatively big clu~

sters (sce Table 1), even at the cost of increasing the CPU ti

me. PRG3 differs from PRG2 in that it does not require the sto

rage of the Clebsch-Gordan coefficients.

INPUT DESCRIPTION

Refer to DATASET TESTOOL.

CARD 1

IDATA
JOATA
KDATA

CARD 3
NCAL

CARD 4
NAME

CARD 5
NI
1WMA

W :.\\S

Iwl P

CARD 6

NIPH
LMPQ
IHELP

lEXP

(3A4)

These quantities identify the DATASET. They can be left
blank if desired.

blank

(12)
Number of the group of data within the DATASET.

(40A4) (2 cards)

This heading identifics the output. Any alphameric
character can be used.

(412)

These quantitics control the input and output operati-
ons of PRG2 and PRG3. Their meaning is explained in

the comment cards within the programs. Note that if J30
1s put equal to 1 for all groups of data the prograis
run properly but for that they recompute matrices whose
clements have still valid values.,

(N12) .

Number of the spheres in the cluster.

LM+1

Helicity of the incident plane wave. Use +1 for right
helicity and =1 for left helicity,

This quantity was originally introduced to control!l the
convergency of the multipolar expansions.

Set it to O,
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QUTPUT DESCRIPTION

In this section we give the meaning of the output
quantities of all the programs.
When IWCSS=1 the programs write the cross sections of each one

of the spheres in the cluster:

SCAS . . .

Aéésgg Scattering, absorption and total cross section for the
TOTSEC spheres in the cluster, respectively.

<SS CAS Ratio between the scattering, absorption and tota!
JARSS cross section, respectively, and the geometrical cross
QTOTS section of the spheres,

The some quantities are written for the cluster as a whole, so

that:

Scattering, absorption and total cross section, respe-
ctively, for the cluster.

ABSSEC

SCASEC}
TOTSEC

’
Q3CAS Ratio between the scattering, absorption and total
GARS3S cross section of the cluster, and the sum of the geo-
QTOTS metrical cross section of the constituent spheres,

respectively.

Furthermore the programs write the following informations rela-

tive to the cluster as a whole:

SCARAT Ratio between the cross scctions of the cluster and

ARIRAT the sum of the corresponding cross sections of the
TOTRAT constituent spheres calculated according to the Mic
theory.

The last information written by the programs is marked 11 and
21 if IHELP=+1, and 22, 12 if IHELP=-1,
11 is the 11 component of the normalized forward scattering

cross section of the cluster, while 21 is the 21 component of
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the same quantity. Analogous meaning have the quantities mar-

ked 22 and 12..

Furthermore, 11 also marks the quantities

Re

f .. (cluster) |

" f_,nn(cluster)
¢ AR §

Re

Zf_ (spheres)

and
im) f (spheres)
b ZEqy (e

According to ref.(5) these quantities are related to the ma-

croscopic

density,

optical constants of an assembly of clusters with low
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A il A Bl

cluster of N spheres with a given LM. The actual memory requi-=
rcients for this matrix is obtained by multiplying EN by 16.

The asterisk marks the entries corresponding to clusters that

Number of the elements of the T-matrix (EN) for a

can be handled by PRG2.

clusters that must be handled by PRG3. The maximum capability
of PRG3 is a cluster of 70 spheres with L

nandle a T-matrix with 176400 eclements., The total memory requi

TABLE

All the other entries correspond to

M

rement of the program is of 4 Mbytes.

3¢

~J

& s (S0 IS I wi & W AW

& W

EN

14.400
36.564
78.400
147 .456

22.500
57 . 600
122,500

0.216
32.400
N2.044
22,4930
12.544
44.10Q

112.506

16.3%4
57 .600
147.456

=1. This requires to
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